One of the ways of increasing the share of renewable fuels in the overall energy balance is to develop effective methods for using low calorific gaseous fuels, including biogas, to fuel combustion engines.
Introduction
Increasing the share of renewable fuels in the overall energy balance is one of the basic directions of studies on modern combustion engines. This is connected not only with the dwindling resources of fossil fuels, but also with the fight against global warming. These actions are supported not only by governments, but by international organizations as well. The goal adopted by the European Union is to produce 20% of energy from renewable energy sources by 2020 [6] .
Meeting these targets requires not only intensification of the search for new raw materials and technologies for obtaining fuels, but also the development of more efficient technologies for converting the energy contained in fuel to electric or mechanical energy.
Biogas is a potential fuel whose share in the overall energy balance will be rising in the nearest future. This gas can be obtained both by processing energy raw materials of different kinds, e.g. biomass, and also forms spontaneously as a result of phenomena occurring in nature, e.g. in dumping sites or sewage treatment plants. The chemical composition of biogas is not constant and depends not only on the raw materials from which it is produced, but also on the used technology. The approximate composition of biogas obtained from different sources is presented in Table 1 . It is also important to stress that the use of these fuels for energy purposes reduces the emission of methane spontaneously released from, among others, dumping sites, which is ca. 25 times more harmful to the ozone layer than carbon dioxide [7] .
The main combustible biogas component is methane, whose content ranges from 40-80%, the remaining part of biogas is made up of non-combustible components which are the ballast, among which carbon dioxide has the highest percentage, its content can reach 55%. New biogas purification technologies currently exist which can raise the methane percentage in gas to over 95%, so purified biogas is called biomethane. This solution forces biomethane into the natural gas transmission grid, which is extremely beneficial because it allows using the existing gas grid to send fuel and to feed temporary fuel surpluses or into the grid supplement fuel with natural gas during moments of shortage. It should, however, be remembered that this solution is quite expensive due to the substantial cost of biogas purification [1, 4, 5, 6] .
Because of the high octane number of methane (over 100), both biogas and biomethane can be directly used for fuelling spark-ignition engines. In this solution, engine adaptation for this fuel is practically unnecessary. When methane is used to fuel the much more efficient compression-ignition engines, it is necessary to adapt the engine for operation with this fuel.
To maintain the high compression ratio of the compression-ignition engine for a higher overall efficiency of the engine, it is necessary to use a dual-fuel system. The reason is the relatively high methane autoignition temperature, ca. 630 °C. In the dual-fuel system, a mixture of gaseous fuel with air is inducted into the engine combustion chamber and a small liquid fuel charge called the pilot charge, whose task is to cause autoignition, is injected towards the end of the compression stroke [1, 3, 4, 6] . 
Effect of biogas composition on the properties of the combustible mixture
Biogas composition has a decisive effect on engine operating efficiency. This is connected not only with the calorific value of fuel, but also with the changed properties of the combustible air/gaseous fuel mixture. Since gaseous fuel has a much higher volume than liquid fuel, the air volume available in the combustion chamber decreases considerably. The obtainable engine power is limited by the air volume available in the combustion chamber. When liquid fuels are used, the whole combustion chamber volume can be filled with fresh air and, in this case, the liquid fuel volume is negligibly low. For gaseous fuels, the fuel volume is already substantial and affects significantly combustion chamber fresh air filling.
The degree of combustion chamber air filling  air can be used to determine the air volume inducted into the combustion chamber with the air/gas mixture. With the assumption that the cylinder filling efficiency is  v = 1, complete exhaust gas removal from the combustion chamber and air/gas mixture formation outside the combustion chamber, this coefficient can be written as [6] :
where: V air -air volume in the air/gas mixture; V ch -combustion chamber volume; V fuel -gaseous fuel volume. Changes in the degree of combustion chamber air filling  air for an engine operating on an air/gaseous fuel mixture (e.g. biogas) depending on the percentage of CH 4 in the fuel with different excess air coefficients are shown in Fig. 1 . Fig. 1 . Changes in the combustion chamber air filling coefficient depending on the biogas methane content with different  coefficients [6] It can be concluded, based on the changes in combustion chamber air filling, that an increase in the percentage of methane in fuel significantly affects combustion chamber use. For fuels with ca. 40% methane content, the degree of engine combustion chamber volume use is below 80%. Fig. 2 . Change in oxygen concentration in the fuel/air mixture depending on the biogas methane content with different  coefficients [6] Because the gaseous fuel volume is substantial, oxygen concentration in the air/gaseous fuel mixture changes, which affects the course of the combustion process. Fig. 2 shows the change in the oxygen content in the mixture depending on biogas composition and the excess air coefficient . Fig. 3 shows the change in the calorific value of the air/biogas mixture depending on the methane content and the excess air coefficient .
The relationships presented above clearly show the substantial effect of biogas composition on chamber fresh air filling, which affects the acceptable amount of burnable fuel. Oxygen concentration in the mixture also changes, which affects the fuel combustion rate. The calorific value of the mixture also changes significantly, which determines the obtainable power. Fig. 3 . Change in the calorific value of 1 m 3 of the air/biogas mixture depending on the methane content with different  coefficients [6] All of the presented coefficients depend on the biogas methane content, which entails a lower amount of non-combustible gases which do not participate in
effect not only on the course of the combustion process, but also on engine operating efficiency. It should be realized that below the lower flammability limit the air/methane mixture becomes non-combustible, which practically prevents flame movement in the engine combustion chamber. In this case, only the part of the mixture within the injected liquid fuel stream burns in a dual-fuel engine. It is therefore extremely important to properly select the size of the pilot charge, the degree of its atomization in the combustion chamber (pilot charge injection pressure) and also its injection advance angle.
Test stand
To determine the effect of individual liquid fuel pilot charge parameters on the operating efficiency of a dual-fuel compression-ignition engine, a test stand was built allowing free regulation of the size and composition of the gaseous fuel charge as well as the injection of a pilot charge with the adopted parameters.
A Yanmar L100N6 single-cylinder compression-ignition engine was used for the tests and the basic data of this engine is compiled in Table 2 . The original mechanical fuel system of the tested engine was replaced with a laboratory common rail fuel system controlled from the level of a PC application (Fig. 4.) [7] . The used system allowed free regulation of the following system operation parameters:
 common rail fuel pressure value;  fuel charge size, adjusted by the injector opening time with an accuracy of 1s;  fuel injection advance angle, adjusted every 0.35°CA;  the possibility of free regulation of the voltage and current changes at the injector coil. To ensure that a methane/carbon dioxide mixture with the adopted proportions is fed to the engine, a preparation system was developed for this mixture. Both methane and carbon dioxide were fed from cylinders containing these gases. After the pressure was reduced by pressure regulators, the gases were fed to mass flow controllers, which were responsible for adjusting the flow rate of individual gases. The gases were then fed to a special mixing chamber, where they were mixed with air fed to the engine (Fig. 4 ). An application operated from the PC level was used to control the flow rate of the gases [7] . A special application was developed in LabVIEW to integrate the control of individual engine fuel systems and test bed operation. A cRIO controller allowing realtime operation was used for control. Available extension cards for the applied controller were used to control individual systems. A block diagram of the developed control system is shown in Fig. 6 . 
Test results and their analysis
One of the basic control parameters of a compression-ignition engine is the fuel injection advance angle. This angle has a decisive effect on the course of the fuel combustion process in the combustion chamber, which determines the course of heat release in the combustion chamber. This affects not only engine power, but also the level of toxic compound emission into the atmosphere.
The selection of the proper ignition advance angle is particularly important for dual-fuel compression-ignition engines. In the classical modern electronically controlled compression-ignition engine, the fuel charge is divided into several parts: a small pilot charge is first injected to prepare the combustion chamber for burning the main fuel charge. Since for dual-fuel compression-ignition engines, pilot charge injection results in the ignition of the air/gas mixture, the injection of the first (even small) liquid fuel charge initiates the ignition of the gaseous fuel charge proper. This considerably hinders the control of combustion in the engine. The selection of the proper ignition advance angle for this engine is therefore extremely important.
The tests described below determined the effect of the diesel fuel pilot charge injection advance angle on the engine operating parameters. The injection advance angle of the liquid fuel charge was changed during the tests for a constant liquid fuel charge and a constant size and composition of the gaseous fuel charge. The tests were conducted at a constant speed, maintained by the brake at 3,000 rpm. The percentage proportions of gaseous fuel to liquid fuel were changed during the tests. The tests were conducted for different diesel fuel pilot charge sizes and different gaseous fuel composition. Example changes in the engine torque depending on the liquid fuel injection advance angle for different gaseous fuel compositions and different fuel proportions are shown in Fig. 7-9. Fig. 10 shows the changes in engine efficiency for different fuel proportions when using gaseous fuel with a 66% CNG content. Fig. 7 . Effect of the injection advance angle on the engine torque for a constant diesel fuel charge of 3 mm 3 and variable charges of gas containing 100% CNG, (Nl -normal liters gas volume under normal conditions: pressure 1013.25 hPa and gas temperature 273.16°K) Fig. 8 . Effect of the injection advance angle on the engine torque for a constant diesel fuel charge of 3 mm 3 and variable charges of gas containing 66% CNG Fig. 9 . Effect of the injection advance angle on the engine torque for a constant diesel fuel charge of 3 mm 3 and variable charges of gas containing 50% CNG Fig. 10 . Effect of the injection advance angle on engine efficiency for a constant diesel fuel charge of 3 mm 3 and variable charges of gas containing 66% CNG
Summary
It should be clearly stressed that the fuel injection advance angle values shown in Fig. 7-10 refer to the values of the angle measured between the moment of control pulse feeding to the electromagnetic injector and the engine TDC. The real moment of fuel charge injection into the engine combustion chamber is delayed.
The results presented above clearly show the importance of diesel fuel pilot charge injection advance angle selection for engine performance. With an increasing value of this angle at a constant engine speed, the engine torque rises. The maximum value of the liquid fuel charge injection advance angle depends on the proportion of individual fuels in the combustion chamber because the speed of flame propagation changes with an increasing percentage of gaseous fuel in the combustible mixture. Therefore, it is necessary to use lower pilot charge injection advance angles for higher gaseous fuel percentages.
Analyzing the changes in overall engine efficiency, it can be observed that its value rises not only with an increasing pilot charge injection advance angle, but also with an increasing percentage of methane in the whole fuel charge. This is mostly due to the changing methane/air proportion. At lower methane concentrations, the mixture is too lean and not the whole mixture is combusted, but only its part within the liquid fuel stream.
The presented results confirm the significant effect of the fuel charge injection advance angle on engine performance. The results show that the methane concentration in the mixture is also extremely important -with leaner mixtures, the gaseous fuel charge is not fully combusted, which not only impairs engine efficiency, but also causes an increase in the emission of unburnt hydrocarbons into the atmosphere. A possible method for improving methane combustion in this engine would be the introduction of air throttling to control the excess air coefficient and maintain it at the required level.
